University of Connecticut

OpenCommons@UConn
Doctoral Dissertations

University of Connecticut Graduate School

1-31-2018

Improvement of Metal, Oxide, & Carbon
Nanomaterials via Thin Film Coatings and
Advanced Microscopic Characterization of
Mesoporous Materials
Shannon Poges
University of Connecticut - Storrs, shannon.poges@uconn.edu

Follow this and additional works at: https://opencommons.uconn.edu/dissertations
Recommended Citation
Poges, Shannon, "Improvement of Metal, Oxide, & Carbon Nanomaterials via Thin Film Coatings and Advanced Microscopic
Characterization of Mesoporous Materials" (2018). Doctoral Dissertations. 1689.
https://opencommons.uconn.edu/dissertations/1689

Improvement of Metal, Oxide, & Carbon Nanomaterials via Thin Film Coatings
and Advanced Microscopic Characterization of Mesoporous Materials

Shannon Poges, Ph.D.
University of Connecticut, 2018

Abstract
Thin films were deposited on metal, oxide, and carbon nanomaterials via chemical
deposition techniques. Experiments were done in a methodical manor in order to obtain
desired thickness and morphology of these coatings. Advanced characterization methods were
employed on these and colleague produced catalyst materials in order to answer complex
questions about their chemical make-up.
Electroless deposition of aluminum using room temperature ionic liquids and liquid
reducing agents is extremely water sensitive and has only been successful in glove boxes with
deposition on copper or glass substrates. We have successfully brought the deposition out of
the glove box using Schlenk techniques. We also have reported the first electroless aluminum
deposition onto a nickel nanowire substrate. The nanowire synthesis and subsequent aluminum
deposition were confirmed with measurements of X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDS), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), small angle neutron scattering (SANS), and a
superconducting quantum interference device (SQUID) magnetometer. Aluminum plating
reached a deposition rate of 8.9 x 10-4 mol/hr. Results indicated a smooth and pure aluminum
coating with thin surface oxidation on the nanowires.

Metal organic chemical vapor deposition was used to deposit zinc oxide for use as a
ceramic matrix composite interphase. ZnO coatings (400-500 nm) were deposited on 3M
Nextel™ 610 fabric by thermal decomposition of zinc acetate dihydrate in a low pressure hot
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wall CVD reactor. An α-alumina matrix was applied to the 8 ply fabric lay up for a total CMC
porosity of 30% with 32% fiber volume. The morphology, structure, and strength of the
resulting continuous fiber CMC were characterized in conjunction with a control CMC with no
interphase using thermogravimetric analysis coupled with mass spectrometry (TGA-MS), XRD,
SEM, focused ion beam (FIB), and mechanical testing. The results showed that when a zinc
acetate dihydrate precursor was used, a functional interphase can be obtained. Flexural
strength of the Oxide-Oxide CMC could be increased up to 30% upon addition of this oxide
interphase with corresponding toughening mechanisms.

Atmospheric pressure chemical vapor deposition was used to deposit silicon onto
ceramic fibers. Silicon was deposited in various geometries including spheres, rods, and wires.
Silica was often found on the surface of the fibers after deposition in the form of a thin film (50600 nm). Deposition conditions were varied based on temperature, flow rate, total flow, tube
size, and substrate. The morphology and composition of each coating was characterized using
XRD, SEM coupled with EDS, FIB, and scanning Auger spectroscopy (SAM). The results indicated
silica formation on the surface when deposition of silicon was attempted because of oxygen
present in the ceramic fiber.

Mesoporous manganese oxides or University of Connecticut (UCT) materials were
analyzed using advanced electron microscopy techniques in order to determine: dopant
distribution, core/shell structure formation, and crystalline phases present. A traditional
Focused Ion Beam sample preparation method for transmission electron microscope (TEM)
analysis was modified in order to successfully prepare these mesoporous powders to electron
transparency. A structural frame of platinum was employed to hold these fragile samples
together. Once in the TEM, analysis using EDS, selected area electron diffraction (SAED), and

high resolution imaging revealed predicted as well as surprising results. The emergence of
core/shell structures in UCT materials is proving to expand upon their already impressive
applications. This FIB/TEM method applied to these materials will allow solid confirmation of
their intricacies.
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Chapter 1 . Introduction.
1.1 Thin Films
Thin films are defined as “A very thin layer of a substance on a supporting material.” 1 In
more quantitative terms, thin films typically range in thickness from monolayers (Å) to several
microns2-3. Thin film research and development first became popular in the late 19th century as
scientists began studying the deposits on the walls of discharge tubes4-5. Today, the term “thin
film” appears in over 2.5 million articles on Google Scholar.
Thin films have many advantages when compared to bulk materials. Thin film
microstructure, surface morphology, optical/electronic properties, and tribological properties
are all customizable based on altering the deposition process of the same precursors. Once
these specific deposition parameters are understood, thin films can be customized for specific
applications desired by industry6-7.
The demand for thin films is globally skyrocketing. Thin films can be used for many
applications including: biomedical, pharmaceuticals, photovoltaics, energy
conversion/efficiency, corrosion resistance, optics, aerospace, and even decorative
applications. The optical thin film coating industry produced an estimated $7.5 billion from
1990 to 2010. Thin film solar panels are projected to reach a global market of $8.3 billion by
2030. Thin film use will continue to grow exponentially as researchers continue to improve
performance, reduce cost, increase functionality, solve engineering problems, and improve
material efficiency6, 8.
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Synthesis methods for thin films can be filed into two major categories 9: chemical
deposition10, and physical deposition11. Physical deposition means that a phase change is taking
place to transform bulk material into a thin film. Techniques to achieve physical depositions
either require evaporation or sputtering. Evaporation techniques include: electron/laser beam
evaporation, and vacuum thermal evaporation11. Electron beam evaporation uses the intense
beam to vaporize a target in a vacuum system and deposit a thin film of the re-solidified
material onto the substrate12. Laser beam evaporation undergoes the same process except a
laser ablates the target with intense heat13. Thermal evaporation of bulk material via an applied
potential difference into a vacuum generally produces amorphous thin films on the substrate 14.
Another branch of physical deposition is sputtering. Sputtering utilizes accelerated ions to
bombard the surface of the target and ejects particles via energy transfer which then deposit
on a substrate15. The themes in all of these techniques are physical transformation of material,
often without changing their chemical makeup from start to finish.
Chemical deposition techniques are generally lower cost due to the lack of expensive
target materials. Techniques which create thin films from the chemical reactions of precursors
qualify as chemical deposition techniques. These include: sol-gel, plating (electro or
electroless), and chemical vapor deposition (CVD). A sol is defined as a colloidal suspension of
solid particles in a liquid.16 Many metal oxide sols use metal alkoxides as precursors. A gel is
created when chemical reactions form networks from the precursor which in return raises the
viscosity of the solution. As an example, consider aluminum isopropoxide as an alumina sol-gel
precursor. In ambient conditions, water first coordinates to the aluminum species, then
protonates the leaving group. Hydrolysis is complete once the stabilized leaving group
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detaches. Condensation is the next chemical process in which two hydrolyzed aluminum
species react with one another to form a larger, oxygen bridged aluminum species. Acid or base
catalysts can be used to speed up the hydrolysis and condensation. Acid will protonate the
leaving groups (-OR) before water addition, eliminating the step in which coordinated water
would need to protonate the leaving group. This stabilized leaving group is now able to leave
the aluminum complex immediately as water complexes. Base catalysts work to deprotonate
water or hydroxide ligands leading to stronger nucleophiles which attack aluminum (δ+) centers
more readily. Acid catalyzed systems tend to produce longer linear chain polymeric metal oxide
species as chain end groups react faster than center groups. This is due to the stabilization of
the positively charged transition state by electron donating groups (R), therefor (OR)2Al(OH)
(least positively charged species) will condense faster than (OR)Al(OH)2. Base catalyzed systems
create shorter chains which are highly branched because hydroxyl groups stabilize the
negatively charged transition state causing more hydrolyzed species ((OR)Al(OH)2) to condense
fastest.17
Electroplating and electroless plating deposit metals onto substrates using an external
electrical current and internal redox chemical reactions respectively. Decorative corrosion
resistance is one of the main reasons why metal electrodepositions are applied to substrates 1819.

Electroplating uses flow of direct current between an anode and cathode. The metal anode

is dissolved into solution as the pure M+ ions recombine with electrons on the cathode surface.
Electroplating requires an electrolyte solution between the electrodes, typically in water, which
contains the desired metal cations20. For example, zinc electrodeposited coatings are used for
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corrosion resistance and decoration in the automotive industry. Zinc chloride dissolved in water
forms the electrolyte that reacts with the zinc anode and substrate cathode 21.
Electroless plating is similar to electroplating except during this process a chemical
reducing agent initiates a flow of electrons instead of an outside source. This reducing agent
causes the autocatalytic reduction of metal ions on the surface of a substrate. While the
mechanism is currently unknown, predictions of preferential deposition on the substrate due to
anodic/cathodic polarity on the surface exist22-24. Again, this plating technique was originally
developed in aqueous media. The most popular electroless plating solutions on the market
deposit nickel or cobalt onto metal substrates. Nickel (Ni2+, -0.25 V) and cobalt (Co2+, -0.29 V)
can be plated in aqueous solution because they are Noble metals with higher reduction
potentials than hydrogen in water (H2O, -0.83 V)25-26. For this reason, if metals with a similar or
lower reduction potential than water are to be electroless plated, ionic liquid solutions are used
to avoid hydrolysis27. Ionic liquids are low melting (< 100 °C) salts due to delocalized charge that
acts to reduce the lattice energy of the system28. The electroless deposition for a less Noble
metal such as silver (Ag+,-0.71 V) has been performed using a choline chloride/ethylene glycol
ionic liquid onto a copper substrate29-30. Electroless plating is considered a non-line-of-sight
coating technique. This means that the coating is applied evenly onto the exposed substrate
regardless of surface morphology variation or “hidden” surfaces based on a straight line of sight
from the precursor.
Another non-line-of-sight coating technique and the last chemical deposition technique
to be discussed is chemical vapor deposition. CVD can be generally described as a chemical
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reaction in the vapor phase that deposits a solid onto a heated surface. Deposits of metals,
carbides, oxides, nitrides, and others are possible with this technique31. Precursors of gas, solids
and liquids can be used, as long as they are heated to the vapor phase before deposition32. CVD
can be performed a variety of ways including: hot walled, cold walled, low pressure, plasma
enhanced, and metal-organic33. These processes can produce epitaxial, polycrystalline, and
amorphous films. Although each exact mechanism of deposition is unknown; properties such as
mass transport, thermodynamics, and chemical kinetics have been studied. Mass transport of
gas in a CVD reactor is typically laminar, meaning that flow is in a smooth layered fashion.
Turbulence is only introduced in situations where the flow rates are extremely high (> 1 million
standard cubic centimeters per minute (sccm)). This control of laminar versus turbulent flow is
governed by the system’s Reynolds number. A Reynolds number is a calculated parameter
based on the ratio of gas velocity and density over viscosity. When the value of the Reynolds
number is over 2000, the flow is turbulent. Industrial CVD processes operate around a Reynolds
number of 10034-35. The laminar flow dictates the boundary layer of the CVD reaction. If the
boundary layer is “thin” then the deposition will be surface reaction rate limited. “Thick”
boundary layers cause the deposition to be mass transport limited.

1.2 Ceramic Matrix Composites
A prominent application of thin film CVD applied coatings is Ceramic Matrix Composites
(CMCs). CMCs are systems designed to combine the excellent strength and high-temperature
properties of ceramics with the durability of advanced composites36. These CMCs use a threepart system of ceramics to provide the hardness, heat and oxidation resistance, low density,
low thermal expansion coefficient, and refractory properties of ceramics while combating the
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inherent brittle nature of these materials through a multi-component composite. Materials
capable of operating at elevated temperatures are fundamentally necessary for the function of
components in power generation, aerospace, and aircraft technologies. These components and
engines are able to function with more power and efficiency as the operational temperature is
increased, and development of new high-temperature materials is constant to keep up with
these systems. Historically, high temperature materials have been used in advanced
engineering since the invention of the steam turbine in the 1880's. Steel alloys, tungsten
filament lamps, nickel-chromium alloys, and the production of petrol-chemicals all lead to the
development of today's high temperature materials. Within the last 50 years, carbon fibers,
titanium alloys, thermal barrier coatings, alumina, nickel super-alloys, and ceramic matrix
composites have provided significant advancement in high temperature materials, allowing for
operational temperatures above 1000 °C 37. Alloys, initially designed with nickel and chromium,
were developed to improve both oxidation and corrosion resistance, and also proved to have
considerable strength and excellent properties for use in engine turbines38. Nickel super-alloys
like Nimonic®, as well as other manufacturers used elements like aluminum, tantalum, and
titanium for precipitation strengthening; molybdenum, tantalum, tungsten and rhenium for
solid solution strengthening; boron, carbon, zirconium and hafnium for grain boundary
inhibition and strengthening; and aluminum and chromium for surface oxidation and corrosion
protection39. Continued research through the 1990's provided materials which can operate as
high as 1050 °C in engine turbine blades 40. These alloys provide excellent strength and
durability in advanced applications; however they are still limited by their operational
temperature. Along with the development of alloy and metal matrix composite systems,
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ceramic matrix composites were designed to overcome the failures present in other systems.
Higher material melting points in ceramics allowed for even higher operational conditions,
while well-matched and low thermal expansion coefficients provided systems that performed
effectively in heat up and cool-down cycles required for using in engine applications. These
ceramic matrix composites provided solutions for both systems, allowing for continued
development, and the eventual incorporation of the CMCs into aircraft. The potential for future
use in both military and commercial aircraft, as well as aerospace applications remain high with
the continued research and development of these systems.
Composites are typically either oxide, made out of oxide ceramics, or non-oxide,
composed of non-oxygen containing ceramic materials. Both oxide and non-oxide CMCs are
designed for use in high-temperature applications, able to withstand extreme heat and
oxidizing environments of these systems. Oxides typically operate at lower temperatures, and
can be used with or without an interface component. Non-oxides, materials like silicon carbide,
are designed to operate at very high temperatures (>1400 °C) due to the inherently very high
melting points of ceramics and inherent oxidation resistance 41. These materials are used with
an interface as part of the three-part composite system (Fiber, Interphase, Matrix) as shown in
Figure 1-1. As technologies advance, new materials are incorporated into these systems, taking
advantage of the refractory properties of ceramics like borides, as well as additional dopants
used in all three parts of the CMC system. As new materials are produced, these studies will
continue as a part of the effort to design an incredibly high-temperature, durable composite
system.
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Figure 1-1. Cross section of a CMC showing the three main components: Fiber, Interphase, &
Matrix.
The fiber component of the CMC provides strength and structure for the ceramic
composite. These fibers exist in CMCs as uni-directional tow and as both two- dimensional and
three-dimensional woven fabrics in continuous fiber reinforced ceramic matrix composites (CFCMCs). Fibers can also be used in short, chopped, multi-directional fiber whiskers in these
composites. The fibers are designed to have very small diameters in the range of 10 to 20
microns, allowing for increased flexibility 42. Oxide fibers include ceramics like silicon dioxide,
alumina, boria, and zirconia in varying combinations 43, while non-oxides are typically
composed of silicon carbide, silicon nitride, and carbon, as well as additives like boron,
titanium, and zirconium. These materials all have low densities and high melting points, making
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them excellent ceramics for these composites. The ceramics used in these fibers are typically
designed to be amorphous to micro-crystalline, which allows for more flexibility and less rigidity
in the reinforcement system 44. Advanced ceramic materials, as well as the use of grain growth
inhibitors and newly developed pre-ceramic polymers, will lead to continued research on these
fiber systems, increasing the strength and durability in future materials.
The interphase component of the CMC is the part of the composite which utilizes the
chemical deposition process known as CVD. The objective in the fabrication of CF-CMCs is to
allow the fibers to reinforce the matrix material and increase the likelihood of toughening
mechanisms (crack deflection, de-bonding, and fiber pull-out). The interface boundary is a
critical part of this goal. When a dense CMC is physically stressed, cracks form and spider
throughout the CMC. When a crack in the matrix reaches the bound fiber, either deflection
around the fiber or crack propagation straight through the effected fiber can occur.
Catastrophic failure can occur if the fiber is cracked and the strength of the CF-CMC plummets
as a result of this crack propagation. It is critical to reduce brittleness and promote crack
deflection around the fiber/matrix interface. Interphase materials surround the fiber, providing
a new energy absorbing route for the crack to follow. This is required if the interfacial species
between the fiber and matrix material are bound too tightly to promote the deflection on their
own, acting as a monolith. An additional property of an interphase or interface material is the
ability to protect the fiber from aggressive environments both upon fabrication and long term
use 45.
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The matrix is the phase of the composite that binds the reinforcement together. The
matrix surrounds the fibers and may be directly bonded to an interphase layer if one is present.
The matrix gives the composite rigidity and is responsible for the transfer of stress throughout
the material. Without reinforcement, a ceramic matrix would be brittle. Low density matrix
materials are typically used to achieve a lightweight composite. The material should be chosen
in conjunction with the fiber and interface materials. Carbon46, silicon carbide47, and alumina48
are examples of well-studied matrix materials. Matrices can be applied many ways including
polymer impregnation and pyrolysis (PIP)49 , melt infiltration (MI)47, 50, and chemical vapor
infiltration (CVI) 46-47, 51. CVI is similar to CVD except that longer infiltration times are used in
order to form many microns of matrix material in between the fibers.

1.3 Objectives of this Work
The objectives in this dissertation all focus on the need to improve inorganic materials.
In the first few chapters, materials are synthesized specifically with chemical deposition
techniques and advanced characterization methods customized for the end application. In the
last section, the nanomaterial has already been synthesized and the need for a new
characterization method to probe its unique properties is met.
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Chapter 2 . Preparation and Characterization of Aluminum Coatings
via Electroless Plating onto Nickel Nanowires using Ionic Liquid Plating
Solution.

2.1 Introduction
Aluminum coatings are widely used in industry due to their superior corrosion
resistance, as well as thermal and electrical conductivity52-54. Since aluminum is a less-noble
metal having a potential of -1.7 V relative to hydrogen, electroplating of aluminum in aqueous
solutions is not possible55-56. Room temperature ionic liquids (RTIL) were developed into plating
baths for electrodeposition of aluminum55-58. However, strict environment control is required to
perform plating using RTIL such as a glove box, which has restricted its wide adoption by
industry. Electroless plating of aluminum is a young non-line-of-sight coating process that has
only been demonstrated on a few substrates to date. This process utilizes an RTIL, a liquid
reducing agent, and an electrolyte to plate uniform aluminum coatings onto the substrate. The
most effective RTIL plating bath has evolved from using the solid reducing agent lithium hydride
(LiH) to the more soluble liquid reducing agent diisobutyl aluminum hydride (DIBAH), due to
deposition of a smoother more uniform plating performance with the latter59-60.
Electroless aluminum plating has only been reported on glass and copper sheets, but
there is feasibility for the coating to be applied to other substrates with various structures 59-60.
Nickel and aluminum alloys have been explored for their catalytic activity, specifically with
hydrogenation. These catalysts are typically synthesized with expensive aluminum melts or
oxidizing aqueous nickel plating solutions61-63. We demonstrate electroless aluminum
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deposition on nickel nanowires using a 1-ethyl-3-methylimidazolium chloride (EMImCl) ionic
liquid, DIBAH reducing agent, and aluminum chloride (AlCl3) electrolyte solution. By
incorporation of Schlenk techniques into the process, a glove box is eliminated from aluminum
preparation. Aluminum coatings were smooth and verified via X-ray diffraction (XRD), scanning
electron microscopy (SEM), SEM-energy dispersive X-ray analysis (SEM-EDS), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and a superconducting quantum
interference device (SQUID) magnetometer.
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2.2 Experimental
2.2.1 Materials
Nickel chloride (99%) and ethylene glycol (>95%) were purchased from Alfa Aesar and
Fisher respectively. Hydrazine hydrate (50-60%), tin(II) chloride (98%), hydrochloric acid (37%),
1-ethyl-3-methylimidazoliumtetrachloroaluminate (>95%), and diisobutylaluminum hydride
solution (1 M in toluene) were all purchased from Sigma Aldrich. Palladium (II) chloride (99.9%
Pd) and aluminum chloride (anhydrous >98%) were purchased from Strem Chemicals and Fluka
Chemicals respectively. All chemicals were used without further purification.

2.2.2 Nickel nanowire synthesis
The typical procedure to synthesize nickel nanowires (Ni NWs) has been reported in the
literature 61, 64 with some modifications, performed at UTRC. Fundamentally, nickel nanowires
were fabricated via a reduction of nickel chloride to nickel metal with a reducing agent,
hydrazine hydrate, under alkaline conditions based on the following half reactions in Eqs. 1 and
2:

Ni(OH)2 (aq) + 2 e- → Ni (s) + 2 OH- (aq)

Eo = -0.72 V

(1)

N2 (g) + 4 H2O (l) + 4 e- → N2H4 (l) + 4 OH- (aq)

Eo = -1.16 V

(2)

Nickel chloride was first dissolved in DI water to prepare a 1 M aqueous solution as Ni2+ mother
solution. 0.081 mL of Ni2+ solution was then added into 7.5 mL of ethylene glycol to prepare 10
mM of Ni2+ solution with stirring at 115 oC. About 0.6 mL of hydrazine hydrate was then
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injected into the Ni2+ ethylene glycol solution without stirring. Immediately with the addition of
hydrazine into the mixture solution of Ni2+ and ethylene glycol, bubbles of N2 were released
with observation of black Ni NWs floating to form a Ni NW net on the surface of the solution.
The solution below the surface became clear after the reaction. Once no further N 2 bubbles
were formed, the reaction was allowed to sit for extended time in order to ensure completion.
All nickel nanowire synthesis was optimized and performed at UTRC.

2.2.3 Al electroless plating
Nickel nanowires were prepared for plating in the following manner modified from
literature [8]. The nanowires were sensitized in a (0.127 mol dm-3, pH <1) tin(II)chloride
solution. The nanowires were then activated in a palladium (II) chloride solution (1.13 x 10-3 mol
dm-3, pH <1). Both solutions were acidified with hydrochloric acid and the nanowires were
washed with water before transfer. Sonication was used during sensitization and activation to
ensure dispersion of the nickel. The nanowires were transferred between solutions using
magnets and dried with an acetone rinse. The ionic liquid, 1-ethyl-3-methylimidazolium
chloride (EMImCl, 76 mol%), was stirred with AlCl3 (16 mol%) at 50°C. The excess DIBAH
reducing agent (8 mol%) was slowly injected into the stirring AlCl3-EMImCl melt. The dry
nanowires were then immersed in the solution with bubbled nitrogen agitation. All plating was
done in a 3-neck 250 mL round bottom flask in a fume hood at 50°C. Reactions were kept air
free by the use of N2 counter flow techniques, syringes, rubber septa, and greased glass joints
(Figure 2-1).
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Figure 2-1. Aluminum electroless plating reaction set up.

2.3 Characterization
X-ray Diffraction (XRD) studies were performed using a Rigaku Ultima IV diffractometer
(Cu Kα radiation, λ = 0.15406 nm) with an operating voltage of 40 kV and a current of 44 mA.
The wide-angle patterns were collected over a 2θ range of 5-80° with a continuous scan rate of
2.0° min-1. Morphology was analyzed with a FEI TeneoLoVac Field Emission Scanning Electron
Microscope (SEM) operated at 10-20 kV and 0.4 nA with the Everhart-Thornley detector (ETD).
Elemental composition was analyzed using Energy Dispersive X-ray Spectroscopy (EDS) with
EDAX Team™ software. Neutron scattering data were collected from NIST NCNR beamlines BT5
and NG3. Measurements of the magnetization were carried out for magnetic fields −50 kOe ≤
H ≤ +50 kOe at 300 K using a Quantum Design MPMS-5 SQUID magnetometer. X-ray
photoelectron spectroscopy (XPS) was performed with a PHI 595 Multiprobe System. Raman
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spectroscopy was carried out using a Renishaw System 2000 with a laser wavelength of 514 nm
and microscope objective set to 50X. Two accumulations were collected for each sample at 50%
laser power to avoid burning and fluorescent effects.

2.4 Results
2.4.1 Powder X-Ray Diffraction Analysis
The nickel nanowires were characterized before and after reaction with XRD as shown in
Figure 2-2. The diffraction pattern of the nanowires before plating matches the Joint
Committee on Powder Diffraction Standards (JCPDS) 65 values for nickel and after plating
matches JCPDS 66 values for both aluminum and nickel metals. The reflections at 44.4, 51.7, and
76.2 degrees correspond to nickel metal with the remainder (38.5, 64.9, and 78.1)
corresponding to aluminum metal. The aluminum (200) reflection is overlapping with the nickel
(111). The crystallite sizes were calculated with the Halder-Wagner method 67-68. The nickel
crystallite was found to be 164 ± 18 Å while the aluminum deposited had a crystallite size of
176 ± 25 Å when deposited for 3 hours.
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Figure 2-2. XRD patterns of as synthesized nickel nanowires, (Top, Black) and nickel nanowires
after aluminum plating (Bottom, Red). Reflections at 44.4, 51.7, and 76.2° correspond to nickel
metal. Reflections at 38.5, 64.9, and 78.1° correspond to aluminum metal.
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2.4.2 Plating Rate
Plating rates calculated from gravimetric analysis post reaction were shown to increase
from 2.9 x10-5 mol/hr in the first hour to 8.9 x10-5 mol/hr over 5 hours as depicted in Figure 2-3.
The relatively linear increase in Al deposition in time coupled with reproducibility indicate a
well-controlled process.
60
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Figure 2-3. Electroless aluminum plating rate at 50°C for 1.5 hours, 3 hours, and 5 hours onto
nickel nanowires.

2.4.3 Morphological Analysis
Morphologies of the Ni nanowires have been analyzed by SEM. Nanowires were found
to have diameters ranging from 250-450 nm as shown in Figure 2-4. Nanowires appear to have
two regions: the first, a cylindrical core and the second, a shell region with nickel crystals
randomly protruding from the surface (Figure 2-4b). After electroless plating, the morphologies
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of the nanowires showed no change from Figure 2-4a to 4c. Figure 2-4c also reveals 500 nm 1000 nm agglomerations of aluminum after plating. EDS elemental mapping, Figure 2-5,
indicates that the aluminum is dispersed throughout the nickel nanowire surfaces as well as in
the agglomerates. Elemental mapping also detected an even dispersion of oxygen throughout
the sample.
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Figure 2-4. SEM micrographs of (a) bulk synthesized nickel nanowires, (b) surface morphology
of an individual synthesized nickel nanowire, and (c) bulk nickel nanowires after aluminum
plating for 3 hours.
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Figure 2-5. SEM-EDS elemental mapping of oxygen, aluminum, and nickel on a sample of
electrolessly aluminum plated nickel nanowires (3h).

2.4.4 Neutron Scattering
SANS was performed to analyze the structure of the as synthesized nickel nanowires
before coating, and the core proposed from the SEM data (Figure 2-5b), the nanowires were
analyzed using a 2-D (cylindrical) core-shell model. Best fit analysis yielded an inner diameter
(core) of 100 - 200 nm and an outer diameter (protruding shell) of 300- 600 nm. Figure 2-6 is a
composite of small angle neutron scattering (SANS) and ultra-small angle scattering.
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Figure 2-6. Small-angle neutron scattering of as sythesized nickel nanowires, with best fit.
2.4.5 Magnetic Measurements
Magnetic measurements were done using a superconducting SQUID magnometer to see
the effects of the electroless aluminum plating on the magnetism of nickel at 300K, Figure 2-7.
Without a coating, the nickel nanowires have a ferromagnetic magnetization of 43.3 emu/g.
The 5 hour coated nanowires still display ferromagnetism with a reduced magnetization of 31.4
emu/g.
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Figure 2-7. SQUID magnetic measurements on Ni nanowires (diamonds) 43.3 emu/g, and 5
hour Al coated Ni nanowires (triangles) 31.4 emu/g.

2.4.6 X-ray Photoelectron Spectroscopy
XPS analysis was conducted to identify the species on the surface of the resulting Al-Ni
nanowires. Peaks for nickel metal (3p, 67.5 eV), nickel bound to oxygen (3p, 68.5 eV), aluminum
metal (2p, 72.5 eV), and aluminum bound to oxygen (2p, 75 eV) were detected as shown in
Figure 2-8. Tin (3d, 500 eV) was also shown.
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Figure 2-8. XPS analysis showing main peaks at 74.5 (Al 2P) and 68.1 eV (Ni 3p). Peaks are deconvoluted into contributions from Al2O3, Al, NiO, and Ni.
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Raman spectroscopy using a Renishaw Raman microscope with 512 nm laser excitation
source was performed on as synthesized and aluminum coated nickel nanowires (Figure 2-9).
As received nickel nanowires gave broad peaks at 590, 740, and 1100 cm-1 (Figure 2-9a).
Aluminum coated nickel nanowires showed peaks at 378, 418, 432, 450, 577, 648, and 755 cm-1
(Figure 2-9b).
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(a)

(b)
Figure 2-9. Raman spectra of (a) as synthesized nickel nanowires (1P, 2P modes), and (b) 3 hour
aluminum coated nanowires (2 A1g, 5 Eg modes).
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2.5 Discussion
Bulk sensitization and activation of the nickel nanowire surface were performed
because of the nickel oxide outer layer. Nickel oxide acts as an electrical insulator and is not
able to catalyze the aluminum deposition. This oxide layer can be either be removed to expose
nickel metal or covered in a conductive material before electroless plating. UTRC specifically
asked us not to activate the wires in a pickling solution to remove the oxide in fear of the
surface morphology being altered for their specific (unknown) application of the nanowires
after plating. The alternative surface activation requires the addition of an “active” metal on
the surface. An “active” metal such as palladium can easily switch from Pd(II) to Pd(0) via
oxidation of the substrate, in this case Sn(II) to Sn(IV). The new palladium nanoparticles on the
surface act as deposition sites where the aluminum can adhere, and from there auto-catalyze
the deposition themselves.
XRD confirmed the presence of nickel metal nanowires before and after coating as well
as aluminum metal after the coating procedure. Nickel and aluminum metal form face-centered
cubic lattices (ABCABC). There were no reflections corresponding to crystalline aluminum oxide
or nickel oxide using this bulk characterization method. This indicates the possibilities that: 1.
little to no further oxidation of bulk metal occurred during synthesis or 2. the resulting oxide is
amorphous. The relative intensity of an oxide reflection may also be miniscule compared to the
pure metal and not detectable at this resolution. Other methods were able to confirm surface
oxidation of both metals, but powder XRD did not. Since thin oxide layers form naturally on
nickel and aluminum surfaces in the presence of air, the crystal structures may have a degree of
disorder or be incomplete and not identifiable by XRD 69.
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Plating rates calculated from gravimetric analysis post reaction were shown to increase
from 2.9 x10-5 mol/hr in the first hour to 8.9 x10-4 mol/hr over 5 hours. The relatively linear
increase in aluminum deposition with time coupled with reproducibility indicate a wellcontrolled synthesis method. The electroless plating rate increased over reaction time due to
an increase in aluminum nucleation sites. Once the aluminum had adhered to the surface of the
nickel (palladium nucleation sites), the plating rate of that site would be catalyzed by the
aluminum metal 70. Autocatalytic reduction of the metal ions in solution during electroless
plating reactions is typical after initial nucleation due to the solution provided reducing agent
(electron donor) and the newly deposited metal catalytic surface. Metal electroless plating will
continue as long as there are still metal ions and a reducing agents present71. The metal ion
species present (aluminum chloride complex) and the reducing agent DIBAH deposit aluminum
according to the following equations (1) and (2)59.
(CH3)2-CH-CH2-AlH-CH2-CH-(CH3)2 (l) → (CH3)2-CH-CH2-Al+-CH2-CH-(CH3)2 (l) + 0.5 H2 (g) + e- (1)
4 Al2Cl7- (aq) + 3e- → 7 AlCl4- (aq) + Al (s)

(2)

Nickel nanowire core-shell morphology was confirmed via SEM and SANS to consist of
250-600 nm diameter nanowires with a spiked outer shell. While it is unknown why UTRC
wanted to maintain this structure, we were successful in doing so. In addition to uniform
aluminum plating on the nanowires after 3 hours, <1 μm agglomerates of aluminum were
visible among the nanowires. We believe that these were the initial plating sites. Obvious
agglomerates were not seen in samples plated for 1.5 hours. This indicates that the plating rate
was such that even though initial sites may have thicker coatings, the subsequent surface can
be coated as well before obvious morphology changes occur with the initial sites. Non-uniform
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palladium distribution on the surface of the wires could be the cause of this build up around 3
hours. EDS elemental mapping, indicates that the aluminum is dispersed throughout the nickel
nanowire surfaces (1.5 and 3 hours) as well as in the agglomerates (3 hours). Elemental
mapping also detected an even dispersion of oxygen throughout the sample. There is no direct
correlation between the aluminum and oxygen EDS maps. This indicates that either the oxygen
(12 at. %) was not bound to aluminum (60 at. %) or the concentration of oxygen was very low
(surface oxidation) and not a bulk alumina coating.
Small angle neutron scattering data coupled with ultrahigh resolution SANS (performed
at NIST requested by UTRC) were able to probe the existence of a smooth inner core of the
spiked nickel nanowire. The data fit was subject to inherent errors due to the shape and spacing
of the nickel crystals in the outer shell. The spike-conical shape of the outer layer acted as
scattering points and therefore broadened the shell diameter calculation. The SANS data show
outer diameters that are roughly on the order of particle sizes measured by scanning electron
microscopy.
SQUID studies were requested by UTRC as maintaining the initial ferromagnetic nature
of the nickel was a priority to them. Initial magnetization of the nickel nanowires (43.3 emu/g)
is low compared to the accepted value for bulk nickel (55.01 emu/g) 72. Ishizaki et al. and Karim
et al. have shown that as particle size decreases, the effects of surface layers increase, reducing
the effective magnetization69, 73. Nickel thin film studies on surface oxidation specifically have
also correlated a decrease in magnetization74-75. Although the thickness of the surface oxide is
unknown, the effects of the antiferromagnetic NiO are clear in this reduction of ferromagnetic
behavior in the nanowires. If the ratio between loss in magnetization and oxide presence holds
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true, then the surface oxide could account for approximately 20% of the whole particle. After
plating, the magnetization was found to be further reduced 27% to 31.4 emu/g due to the
additional mass (~30 %) of aluminum. The electroless plating process had no reducing effects of
the existing nickel metal ferromagnetism. The percent reductions of magnetization consistently
corresponded to the percentage of aluminum mass increase after plating as opposed to any
further process induced oxidation of the nickel surface.
XPS was used to probe the surface chemistry of these nanowires after plating. The small
peak for tin in the XPS survey was residual from the sensitization solution, potentially where
palladium did not adhere. The aluminum and nickel peaks were de-convoluted and contained
alumina as well as nickel oxide. This means that the first ~10 nm of the plated surface where
aluminum was present and where nickel may have still been exposed, were oxidized from air
exposure.
Raman spectroscopy also indicated nickel oxide with one phonon (1P) transverse optical
(TO) and longitudinal optical (LO) modes at 590 cm-1 and two phonon (2P) LO peaks at 740, and
1100 cm-1 76-77. These peaks are a result of a change in polarizability in the lattice. An oxide layer
of alumina was found on the surface of the coated wires. The seven Raman active modes for
alumina are found at 378 (Eg), 418 (A1g), 432 (Eg), 450 (Eg), 577 (Eg), 648 (A1g), and 755 (Eg) cm-1
78

.

These results coupled with the XPS data show that the as received nickel nanowires have a

layer of surface oxidation before coating. Aluminum coated nickel nanowires have an alumina
protective oxide layer after coating, confirmed with the Raman activity.
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2.6 Conclusions
Nickel was synthesized as 250 - 600 nm diameter nanowires using the reduction of
nickel chloride to nickel metal with a reducing agent under alkaline conditions. These nanowires
had a unique core-shell structure with an inner solid core (100- 200 nm diameter) and a spikey
outer layer (300 – 600 nm diameter). UTRC provided these nanowires and requested that we
coat them uniformly with aluminum metal. The overall purpose of this system was proprietary.
Aluminum deposition was successful via electroless plating without the use of a glove box. We
also demonstrated the ability to deposit aluminum onto nickel nanowire morphology for the
first time using RTIL and AlCl3-EMImCl with DIBAH as the reducing agent. Nanowires were
characterized using SEM-EDS, XRD, SQUID, SANS, and Raman techniques. The nickel nanowires
were shown to have a layer of oxide before plating, which UTRC wanted to preserve. Oxide was
also shown on the deposited aluminum after plating, likely due to protective oxidation. The
plating rate increased as nucleation sites of aluminum developed on the activated palladium
nanoparticles. SEM images and EDS elemental maps indicate smooth uniform coatings with no
contaminants as well as a few agglomerates of aluminum. The XRD pattern obtained after
deposition shows pure aluminum metal with nickel metal. XPS and Raman confirmed nickel
oxide on the surface before plating and aluminum oxide on the surface after plating. SQUID
magnetic measurements showed that the addition of aluminum does not affect the
ferromagnetism of nickel, but reduces the overall emu/g due to additional mass of aluminum.
Ultimately, UTRC was very pleased with the results and the quality of the coating.
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Chapter 3 . Preparation and Characterization of an Oxide-Oxide
Continuous Fiber Reinforced Ceramic Matrix Composite with a Zinc
Oxide Interphase79.

3.1 Introduction
Continuous fiber reinforced ceramic matrix composites (CFR-CMCs) are used in high
temperature aerospace applications (>800 °C) because of their ability to maintain strength and
toughness in these environments 80-81. CFR-CMCs are multi-component systems composed of
ceramic fiber, a weakly bound interface, and ceramic matrix 82-84. The fibers reinforce the CMC
providing structure and strength 42, 85-86. The ceramic matrix is the bulk of the CMC and requires
properties such as low density, high mechanical strength, and high thermal and chemical
stability 86-87. The interface between fiber and matrix is extremely important to the functionality
of the CFR-CMC and provides energy absorbing mechanisms such as crack deflection and
debonding that aim to avoid catastrophic failure of the CMC 88-89. Interphase coatings are
applied to ceramic fibers in order to weaken the interfacial bond between matrix and fiber 83, 88.
Boron nitride (BN), pyrolytic carbon (PyC), silicon nitride (Si3N4), silicon carbide (SiC) and
combinations have been thoroughly explored as interphase materials. The most notable
shortcoming of these systems is their inherent susceptibility to oxidation and hydrolysis,
particularly when used in aerospace environments 82, 90-93.
Commercially available Oxide-Oxide CMCs rely on the porous nature of their matrices to
provide toughening mechanisms 65, 94-96. Alumina fiber and alumina/aluminosilicate matrix
CMCs are the most prevalent oxide CMCs available 97-98. These CMCs suffer from sintering of
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the matrix to the fiber allowing crack propagation throughout the whole system, drastically
decreasing strength 99-101. The use of an oxide interphase in these systems could provide
additional toughening as well as allow the opportunity for an increase in matrix density without
sacrificing strength. There are a limited number of developed oxide interphases found in the
literature 102-104. Mixed metal oxides (MXO4) such as lanthanum vanadate and calcium tungstate
have both been explored, but they suffer from processing problems and complicated syntheses
105-107.

While searching for alternative oxide interface materials, our group investigated the use
of ZnO as a candidate coating. It was quickly discovered during attempts at SiC composite
fabrication that the ZnO interface was easily reduced when the matrix was added, so a coating
of SiO2 was deposited to protect the ZnO. This duplex interface was applied to several different
types of non-oxide fiber (CG-Nicalon™, Hi-Nicalon™, and Hi-Nicalon Type-S™) and showed a
substantial decrease in strength for the lower grade fibers, but the Hi-Nicalon Type-S™ was
stable 108. In order to expand the potential applications of this system to oxide CMCs we have
attempted to deposit the ZnO coating on an oxide fiber. We began this study by optimizing the
desizing procedure of Nextel™ fibers to be in line with interphase synthesis. The interphase was
then applied to fabric via low pressure metal organic chemical vapor deposition (LP-MOCVD).
Zinc acetate dihydrate was used as a precursor due to its low decomposition temperature and
minimal contamination 109. An alumina matrix was applied using sol vacuum infiltration
techniques.
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3.2 Experimental
3.2.1 Material
Nextel™ 610 Woven Fabric (>99% α-alumina), and 440 Woven Fabric (alumina, silica &
boron oxide) were purchased from 3M. Zinc acetate dihydrate (98%) was purchased from Sigma
Aldrich. Aluminum chlorohydrate (dihydrate) was purchased from Spectrum Chemical MFG
Corp. All compressed gas was purchased with ultra-high purity from AirGas.
3.2.2 Desizing Study of Nextel™ 440
Nextel™ 440 was used to optimize desizing in place of Nextel™ 610 due to cost. Both
Nextel™ 440 and Nextel™ 610 are sized with a polyvinyl alcohol (PVA) coating 110. Small sections
of fabric (4 in x 1 in) were individually placed in a horizontal tube furnace with a 1 inch diameter
quartz tube. Sample A was de-sized with 100 standard cubic centimeters per minute (sccm) air
flow at 500 °C for 1 hour at atmospheric pressure. Sample B was de-sized with 100 sccm
nitrogen flow at 500 °C for 1 hour at low pressure (< 2 Torr). Sample C was de-sized with 100
sccm nitrogen and 30 sccm oxygen flow at 500 °C for 1 hour at low pressure (< 2 Torr). Sample
D was de-sized with 200 sccm air flow at 350 °C for 1 hour at low pressure (< 2 Torr) in order to
determine if the fabric could be de-sized in situ before coating deposition.
3.2.3 Preparation of Zinc Oxide Interphase
Zinc oxide was deposited via low pressure-chemical vapor deposition onto a Nextel™
610 (N610) fabric substrate. Zinc acetate dihydrate (2.5 g) was placed in the center of a
vaporization furnace in an alumina boat. Fabric (4.5 x 4.5”) was wound onto quartz tooling and
placed in the deposition furnace. Furnaces were evacuated to <2 Torr and the deposition
furnace was heated to 350 °C. Fabric was desized at 350 °C with 200 sccm air flow for 1 hour.
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Air flow was then reduced to 100 sccm and nitrogen flow was started (80 sccm). The
vaporization furnace was heated to 250 °C and deposition occurred for 1 hour. The deposition
furnace was then heated to 700 °C for further crystallization of ZnO. About 200-300 nm of
uniform ZnO coating was achieved after the fabric was flipped inside out and the deposition
process repeated. A schematic of the deposition furnace is shown in Figure 3-1.

Figure 3-1 Schematic representation of low pressure (<2 Torr) ZnO deposition furnace.
Vaporizer furnace: zinc acetate dihydrate vaporization at 250°C. Deposition furnace: ZnO
deposited at 350°C and crystallized at 700°C. 100 sccm air/80 sccm N 2.

3.2.4 Preparation of ZnO/Al2O3 CMC
The matrix material was prepared from aluminum chlorohydroxide which was slowly
added to 50 °C deionized water while stirring until a concentration of 5 M was achieved. αalumina particles (<1 μm) were added as filler to make up 30 wt% of the mixture. The milkywhite filler-sol mixture was stored in polyethylene bottles until being used in CMC fabrication.
Two CMCs were fabricated using Nextel™ 610 woven fabric. Eight 2.5” x 4.5” plies of 100-300
nm ZnO coated N610 were impregnated with the aluminum chlorohydroxide matrix sol
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containing 30 wt% <1 μm α-alumina filler. The eight matrix soaked fabric plies were laid up in a
warp aligned 0°/90° orientation where the warp fiber in every other ply was oriented the same.
The impregnated laid-up plies were compressed in stainless steel tooling to approximately 0.1
inch thickness. Tooling/plies were then placed in a vacuum furnace and heat treated at 150°C
for 5 hours to form a “green body”. The “green body” was then cooled, removed from the
tooling, and crystallized in a box furnace at 1050°C under ambient air for 2 hours. The density
was recorded and the CMC was re-impregnated by immersion in the sol and placed in a vacuum
furnace for 6 hours. The CMC was re-fired to 1050°C for 2 hours, and the process was repeated
until the density reached a plateau (11 cycles). The entire CMC fabrication process was
repeated with 8 plies of uncoated N610 as a reference sample.

3.3 Characterization
Mechanical testing of fiber tows (tensile) and CMC coupons (flex) was performed using
an Instron 5869 Electromechanical Tensile System with a 50 kN load cell. ASTM C1557-14 was
used for tensile measurements and ASTM C1341-06 was used for flexural testing. Morphology
and coating thickness were analyzed with a FEI TeneoLoVac Field Emission Scanning Electron
Microscope (SEM) operated at 10-20 kV and 0.4 nA with a low vacuum detector (LVD).
Elemental composition was analyzed using Energy Dispersive X-ray Spectroscopy (EDS) with
EDAX Team™ software. Cross sectional analysis was performed using a FEI Helios Nanolab
460F1 Focused Ion Beam (FIB) equipped with a Ga ion column and Multi-Chem Pt protective
cap deposition. The FIB was operated at 30 kV and 7.7 pA – 2.4 nA. Thermogravimetric Mass
Spectrometry (TGAMS) using a Netzsch Libra TG209 F1 thermogravimetric analyzer coupled to a
Netzsch Aëolos QMS 403C quadrupole mass spectrometer was used to analyze 15 mg of sample
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at 20°C/min to 900°C in an air environment (50 sccm). The TGA-MS simultaneously recorded
TG, MS, and DTA signals during the analysis. X-ray Diffraction (XRD) studies were performed to
analyze crystal phases using a Rigaku Ultima IV diffractometer with Cu Kα (λ = 0.15406 nm) at
room temperature, with an operating voltage of 40 kV and a current of 44 mA. The wide-angle
patterns were collected over a 2θ range of 5-75° with a continuous scan rate of 2.0° min-1.

3.4 Results
3.4.1 Desizing of Nextel™ 440
Each desized fiber was characterized by optical imaging, SEM micrographs, and
mechanical tensile tests as shown in Table 3-1. Sample A was white after heat treatment with
no apparent coating left on the surface. The ultimate tensile strength of the fiber Sample A was
120 ksi. Samples B and C both appeared silver after heat treatment with some patches of sizing
left on the surface and tensile strengths of 132 and 175 ksi respectively. Finally, Sample D
appeared white with a smooth surface and ultimate tensile strength of 126 ksi.
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Sample

Photograph

Micrograph

_________
1 inch

___________
50 μm

Tensile
Strength
(ksi)

A

120 ± 20

B

132 ± 40

C

175 ± 41

D

126 ± 37

Table 3-1 Nextel™ 440 desizing of samples A-D. Optical images (1 in. scale), SEM (50 μm scale),
and tensile strength (ksi).
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3.4.2 Chemical and Morphological Analysis of CVD ZnO
Zinc acetate dihydrate decomposition was studied using TGA-MS to determine the
thermal decomposition mechanism, ceramic yield and crystallization temperature (Figure 3-2).
Water (m/z 18) signals were seen at 100°C and 325°C (16 wt% loss), as well as carbon dioxide
(m/z 44), acetone (m/z 56), and acetic acid (m/z 60) each at 325°C (56 wt% loss). The ZnO char
yield of the zinc acetate dihydrate is 28 wt%. Differential thermal analysis (DTA) calculated by
the TGA-MS reveals endothermic events at approximately 100°C and 280°C. Exothermic events
are also seen from 300-400°C and from 550°-800°C.
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a.

b.

c.
Figure 3-2. TGAMS and DTA of Zinc acetate dihydrate. (a) DTA and TGA vs. Temperature. (b)
TGA and MS (18 & 44 m/z) vs. Temperature. (c) TGA and MS (56 & 60 m/z) vs. Temperature.
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XRD (Figure 3-3) of ZnO deposited at 350°C had broad reflections at 31.7, 34.2, 36.1, 47.3, 56.4,
62.5, and 67.7 degrees. After the ZnO was heat treated at 700°C there was an increase in
intensity with sharp peaks at 31.7, 34.3, 36.1, 47.4, 56.4, 62.7, 66.2, 67.8, 68.9, 72.4, and 76.7
degrees.

Figure 3-3. XRD of CVD zinc oxide from zinc acetate dihydrate. Bottom: as deposited 350°C and
top: 700°C wurtzite ZnO. JCPDS 01-080-0075.
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SEM of the ZnO before 700°C heat treatment showed a smooth 200-300 nm thick coating
morphology in Figure 3-4. After 700°C the coating expanded to 400-500 nm with spherical
grains of 40-100 nm in diameter. EDS verified the presence of zinc and oxygen on the surface of
the fibers (Figure 3-4b).

Figure 3-4. a. SEM of ZnO coating. LEFT: 350°C ZnO. RIGHT: 700°C ZnO. (b) EDS spectrum (0-11
keV) of ZnO coating.

3.4.3 Thermal Analysis of sol derived Alumina
XRD was done on heat treated samples of the 5 M aluminum chlorohydroxide in order
to determine the crystal phases of the resulting alumina. Air dried samples were placed in an
atmospheric pressure 15” tube furnace under 100 sccm pure air flow and calcined to 300, 550,
800, and 1050°C at a ramp rate of 10°C/min for 2 hours each (Figure 3-5). Room temperature
and 300°C samples were amorphous. The 550°C sample shows a broad reflection at 67.4
degrees. At 800°C this reflection increased in intensity and other reflections at 37.4, 43.1, and
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46.9 degrees are seen. The 1050°C sample gave sharp reflections at 27.5, 35.3, 37.9, 41.7, 43.5,
46.3, 52.7, 57.6, 59.8, 61.5, 66.6, 68.3, 70.5, 74.4 degrees.

Figure 3-5. XRD of aluminum chlorohydroxide sol crystallization. Bottom to Top : Room
Temperature (amorphous), 300°C (amorphous), 550°C (nanocrystalline/gamma JCPDS 00-0100425), 800°C (gamma), 1050°C (alpha JCPDS 10-173).

The sol ceramic/char yield of 59.8 wt.% studied via TGAMS showed water (18 m/z) was
fully removed (Figure 3-6).
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Figure 3-6. TGA-MS of aluminum chlorohydroxide. Dashed line represents the TG curve and the
solid line represents the water mass spectrum.

3.4.4 Mechanical and Morphological Analysis of N610/ZnO/Al2O3 and of N610/Al2O3 CMCs
The N610/ZnO/alumina (N/Z/A) and N610/alumina (N/A) CMCs contained 32 % fiber
volume and densities of 2.2 g/cm3 and 2.3g/cm3 respectively. Flexural strength of each
composite was tested with the three point bend test. Composite N/A had a flexural strength of
100.6 ± 22.1 MPa. Composite N/Z/A had a flexural strength of 131.7 ± 13.8 MPa. Figure 3-7
represents the stress/strain curve for the composites, with the ultimate flexural strengths
highlighted. Figure 3-8 shows the composites on their sides (layers up) after the three point
bend test. Composite N/A had more monolithic/clean break behavior versus the N/Z/A
composite.
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Figure 3-7. Stress-strain curves for N610/Alumina CMC (blue dot) and N610/ZnO/alumina CMC
(red). Ultimate flexural strengths highlighted as spheres.
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Figure 3-8. SEM micrographs of the Oxide/Oxide Composites. LEFT: Alumina/N610 CMC. RIGHT:
Alumina/ZnO/N610 CMC.

FIB cross sections were approximately 20 μm wide and 8 μm deep on the top face of the
broken composite pieces used for SEM (Figure 3-9). Composite N/A presented alumina matrix
grains bonded to the surface of the fiber, while composite N/Z/A displayed crack propagation
through the interphase.
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Figure 3-9. FIB micrographs of Oxide/Oxide Composites. LEFT: Alumina/N610 CMC. RIGHT:
Alumina/ZnO/N610 CMC.

3.5 Discussion
In this study, Nextel™ 440 was desized with various parameters in order to obtain
optimal conditions in which the oxide fiber could be desized in situ before CVD. Nextel™ 440
has a coral color PVA sizing in order to protect the fibers during shipping. 3M reports Nextel™
440 with sizing to have a tensile strength of 267 ksi 110. Desizing reduced tensile strength by
roughly 50%. This reduction is due to lack of polymer stretching and supporting the ceramic
during stretching. Samples A and D both showed complete removal of PVA sizing via SEM. This
complete removal corresponds to use of air as the desizing gas. Oxidation is likely the chief
reaction causing the degradation of polyvinyl alcohol. Oxidation is also important for the
complete removal of byproducts such as left over carbon on the surface of the fiber. Any
contaminants adhered to the surface of the fiber before interphase coating causes weak
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adhesion between the interphase and the matrix, as well as defect-ridden coatings. Samples B
and C were not completely desized using these conditions, potentially due to limited reactive
gas in the system to remove the PVA 111. Sample D parameters were chosen for all fabric
desizing methods moving forward due to its successful removal of sizing and parameters in line
with ZnO CVD parameters with no additional reactor modifications.
TGAMS studies on the thermal decomposition of zinc acetate dihydrate were confirmed
via the detection of water, carbon dioxide, acetone, and acetic acid attributed to the thermal
decomposition and the sublimation of the zinc oxyacetate intermediate according to the
following reactions 3 - 6

109, 112.

Zn(CH3COO)2 · 2 H2O (s) → Zn(CH3COO)2 (s) + 2 H2O (g)

(3)

4 Zn(CH3COO)2 (s) + 2 H2O (g) → Zn4O(CH3COO)6 (s) + 2 CH3COOH (g)

(4)

Zn4O(CH3COO)6 (s) + 3 H2O (g) → 4 ZnO (s) + 6 CH3COOH (g)

(5)

Zn4O(CH3COO)6 (s) → 4 ZnO (s) + 3 CH3COCH3 (g) + 3 CO2 (g)

(6)

DTA determined in TGA-MS studies reveals endothermic events corresponding to the
dehydration and subsequent thermal decomposition of zinc acetate dihydrate. These reactions
are endothermic because energy from the surroundings must be added to the system in order
to drive off water and decomposition byproducts. An exothermic crystallization event is seen as
nanocrystalline ZnO is formed from 300-400°C. Further exothermic crystallization/crystallite
growth not reported in previous decomposition studies is seen in the DTA from 550°-800°C.
Crystallization is an exothermic process because energy is released into the surroundings as
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grain boundaries and strains are reduced. XRD confirms these crystallization changes with 3-4
nm crystallite size (Halder-Wagner Method 113) wurtzite ZnO (JCPDS card 01-080-0075) being
present at 350°C with a significant decrease in peak width at 700°C (40-50 nm crystallites).
Wurtzite is a hexagonal close packed (ABABAB) crystal structure of binary compounds, and is
the thermodynamically stable crystal structure of zinc oxide. It is not uncommon to see a
decrease in reflection width coupled with the increase in reflection intensity corresponding to
crystallite growth 113-114 due to increased signal from each crystal plane. XRD reflections are
indexed to planes (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202).
The porous nature of this coating, from grain growth, observed via SEM is expected to
positively impact the damage tolerance of the composite by aiding in isolation of the fibers
from matrix cracks 115. This coating does not have the glide plane character of a traditional
interphase such as hexagonal boron nitride. In this case, the de-bonding and energy dispersive
toughening mechanisms of this coating come from the nano-grain structure (deflection) and
inhibition of alumina-alumina sintering between the fiber and the matrix.
Aluminum chlorohydroxide was chosen as the sol precursor due to its high solubility in
water compared to the commonly used alkoxides or halides 116-118. Sol-gel derived alumina
(aluminum hydroxide, boehmite) tends to follow the crystallization trend from gamma (~500
°C) to delta (~850 °C) to theta (~950 °) to finally alpha (~1000 °C)119.These specific transitions
occur because of the cubic close packed nature of the initial boehmite crystal. XRD studies of
room temperature and 300°C samples show they were amorphous. The 550°C sample shows a
broad reflection corresponding to the (440) planes of the gamma alumina phase. At 800°C the
(440) planes have increased intensity and other planes of (311), (222), and (400) gamma
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alumina are present. These were indexed to JCPDS card number 00-010-0425, a cubic close
packed spinel structure120-122. The 1050°C sample indexed well to JCPDS card number 10-173 αalumina with crystal planes (012), (104), (110), (006), (113), (202), (024), (116), (211), (122),
(214), (300), (125), and (208). α-alumina is oriented in a hexagonal close packed structure and is
the most thermodynamically stable structure of alumina 123-125. The thermodynamically stable
alumina is required in this system because they will be used at elevated temperatures as high
as 1000 °C, and an in situ crystal transformation could lead to failure of the part.
Each CMC was considered porous with 28-30% total porosity 95, 126. This porosity is seen
in current oxide CMCs on the market, allowing for fair comparisons to be made. The ~30%
increase in flexural strength can be attributed to the interphase debonding from the fiber and
crack deflection 82, 95, 127. The stress/strain curve of N/Z/A exemplifies this high crack resistance
and resistance to catastrophic failure. Particularly, the added region (130-150 MPa) in the
N/Z/A curve where toughening mechanisms such as crack deflection and fiber pull out are
aiding in the continued resistance to failure (jagged peaks) 128-129. As a peak is reached a crack
is propogating through the matrix and meets an interphase that then relieves stress. As the
strain increased further, the stress re-builds and more interphases are met, relieving energy,
inhibiting the ultimate failure of the part. This toughened region increased the energy
extrapolated from under the curves from 834 J/m2 in the N/A composite to 1894 J/m2 in the
N/Z/A 130-131. These energy values represent fracture toughness of the overall system, in which
the interphase containing composite increased over 100%. The N/Z/A composite suggested
fiber pull out and crack deflection responding to the stress of the fracture which could be
missing in the N/A composite due to lack of an interphase. These toughening mechanisms were
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verified through scanning electron microscopy analysis of the composites. Physical examples of
fiber pull out are seen in the rough looking cut edge of the N/Z/A composite. The N/A
composite behaved more as a monolith, yielding a clean break, from the sintering of the fiber
to the matrix. Sub-surface toughening mechanisms were also verified by focused ion beam
cross sectional analysis. Composite N/A indeed showed alumina matrix grains bonded to the
surface of the fiber which can contribute to crack propagation into the fiber and catastrophic
failure/ monolithic character of the composite99. Composite N/Z/A showed crack propagation
through the interphase, contributing to the 30% increase in flexural strength in this composite
as energy is dispersed.

3.6 Conclusions
A full Oxide/Oxide CMC was fabricated using Nextel™ 610 fiber, a CVD applied zinc oxide
interphase, and an α-alumina matrix. The zinc oxide interphase increased the strength of the
composite by introducing toughening mechanisms. This porous ZnO interphase coating with
low fracture toughness allowed for preferential crack deflection and fiber pull-out to occur at
the interface of the fiber. These mechanisms increased the flexural strength by 30% when
directly compared to a composite with no interphase. Applying interphase layers to oxide CMCs
allows for a new branch of oxide CMCs to be studied with stronger, denser matrices, for
potential long term use in the harsh environments of the aerospace industry.
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Chapter 4 . Chemical Vapor Deposition of Thin-Film Silicon.

4.1 Introduction
Photovoltaic cell optimization has been a topic of great interest in the energy industry
since the 1970’s132-133. Silicon solar cell research for photovoltaic cells is at an all-time high due
to limited crude oil supply and global warming concerns134-135. The efficiency of conversion of
sunlight to electricity has reached a high of 25% commercially, with theoretical maxima of
30%136. While some other photovoltaic cell technologies can ideally be produced for $0.20
cheaper per cell (CdTe/ CuInGaSe) the conversion of silicon is 30% higher 133, 136. “Solar grade” or
ultrapure silicon is required to reach maximum efficiency of conversion137, and is available
through careful chemical synthesis and purification133, 138.
Thin film silicon solar cells have proven to have a lower manufacturing cost and higher
conversion efficiency than bulk silicon wafers139-141. Within these thin films, crystalline silicon is
out-performing amorphous silicon in longevity due to a light induced degradation effect in the
latter, which leads to lower overall energy output142-144. Silicon thin films have been produced
via plasma enhanced chemical vapor deposition, low pressure chemical vapor deposition, as
well as spin and sputter coating techniques145-148. Atmospheric pressure chemical vapor
deposition from a silane precursor is emerging as a lower cost synthesis technique for solar
grade crystalline silicon thin films. The use of silane as a precursor gas has resulted in some
catastrophic failures due to line clogs from silane’s extreme reactivity with oxygen to form
silica149-150.

52

Silicon tetrachloride has been modeled as a viable option in silicon atmospheric
pressure CVD151-153. While silane’s Si-H bonds (393 kJ/mol) allow deposition at lower
temperatures, such bonds also contribute to its extreme reactivity with oxygen154. Upon
exposure to air, silane creates a thick smoke of silica which quickly clogs reactor lines. Silicon
tetrachloride’s Si-Cl bonds (464 kJ/mol) are more resistant to oxygen exposure and are
therefore less likely to cause failure before the leak is detected155. In practice, silicon
tetrachloride has a deposited sphere like morphology, better suited for matrix formation in
ceramic matrix composites156-157. In order to transform deposition morphology of silicon to a
thin film, parameters such as temperature, flow rate, and time will be varied 158-159.

4.2 Experimental
4.2.1 Materials
All compressed gas cylinders were purchased with ultra-high purity from Airgas. Silicon
tetrachloride >99% was purchased from Alfa Aesar and used without further purification.
Quartz tubes were purchased from GM Associates, and graphite foil from HP Materials.
TorayCA® carbon T300 was purchased from Amoco Performance Products, Nextel™ 440 fiber
from 3M and Hi-Nicalon Type S™ (Hi-Nic-S) silicon carbide fiber from COI Ceramics, Inc.
4.2.2 Silicon CVD parameters
Silicon depositions were performed using a 15” horizontal hot walled tube furnace at
atmospheric pressure. Reactions either took place in a 1” diameter (graphite foil lined) or 9 mm
diameter, 25” long quartz tube. Gases were controlled with a 50 or 500 sccm maximum Alicat™
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mass flow controller. The reactor was kept air free through the use of Swagelok™ compression
fittings, stainless steel or PTFE tubing, and an outlet submerged in an oil bath with bubbles
being monitored. UHP Hydrogen (5-50 sccm) was bubbled through a custom glass bubbler
containing silicon tetrachloride. Diluting UHP hydrogen (0-500 sccm) was connected
downstream from the bubbler and both reactants were flown into the reactor while at
temperature (850 – 1050 °C). Reaction times varied from 1 to 4 hours.
4.2.3 Modification of T300
Approximately 40 ft. of carbon T300 fiber was wrapped around a graphite mandrel and
placed in a 6ft, 8in diameter quartz tube inside a horizontal three zone hot walled tube furnace.
This CVD reactor was evacuated to 10 mTorr and then 300 sccm of UHP nitrogen was
introduced bringing the total pressure to 0.4 Torr. The furnace was heated to 1050 °C (8
°C/min). Deposition parameters included 100 sccm UHP nitrogen, 200 sccm propylene, 0.470
Torr, mandrel rotation and 2 hours of deposition time. This reaction yielded a 150 nm pyrolytic
carbon coating on the as received T300, known from this point forward as “modified T300”.

4.3 Characterization
Morphology and coating thickness measurements were performed with a FEI
TeneoLoVac Field Emission Scanning Electron Microscope (SEM) operated between 5-20 kV and
0.4 – 1.8 nA. Low vacuum detector (LVD) and Everhart-Thornley detector (ETD) detectors were
utilized for imaging and all Energy Dispersive X-ray Spectroscopy (EDS) was analyzed using EDAX
Team software. X-ray diffraction (XRD) was performed on fibers that were ground into a fine
powder using a Rigaku-Ultima IV diffractometer with Cu Kα (λ = 0.15406 nm) at room
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temperature, with an operating voltage of 40 kV and a current of 44 mA. The wide-angle
patterns were collected over a 2θ range of 5-75° with a continuous scan rate of 2.0° min-1. Cross
sectional analysis was performed using an FEI Helios Nanolab 460F1 Focused Ion Beam (FIB)
equipped with a Ga ion column and Multi-Chem Pt protective cap deposition. The FIB was
operated at 30 kV and 7.7 pA – 2.4 nA. Auger electron spectroscopy (AES) characterization of
the materials were done on a PHI 660 Scanning Auger System with a lanthanum boron electron
filament. The energy resolution is set to 0.6% with a 3 KeV beam voltage for data acquisition
and 50 nA of current at the sample. The fiber samples were pinned between two Al wafers with
5 mm diameter holes and screwed onto the stage then inserted into the analysis chamber.
Survey spectra are collected at 1 eV/step and high-resolution spectra are collected at 0.25-0.5
eV/step. Sputtering for depth profiles is performed with a PHI 04-303 Differential Ion Gun with
an Ar+ source. Data analysis is all performed on CasaXPS software (version 2.3.16).

4.4 Results
4.4.1 Summary tables of experiments.
Deposition temperature was varied from 850 °C to 1050 °C with consistent flow rates
and deposition times as summarized with results in Table 4-1.
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H2 / SiCl4
(sccm)
50
50

EDS
Elements
500
spheres
Si
500
spheres
Si
coating: C,
coating: 100 nm;
50
500
950
1
Al, Si, O.
spheres; matrix
spheres: Si
coating: C,
coating: 100 nm;
50
500
900
1
Al, Si, O.
spheres; matrix
spheres: Si
50
500
850
1
coating: patchy
C, O, Al, Si
Table 4-1. Deposition temperature variation optimization table with resulting coating
morphology and elemental composition.
H2 (sccm)

Temperature Time
(°C)
(h)
1050
1
1000
1

Coating Morphology

XRD
Si?
yes
yes
yes

yes
no

Flow rates for both the hydrogen through silicon tetrachloride bubbler (5 – 50 sccm) and
dilution hydrogen (0 – 500 sccm) were varied over constant temperature, tube size and time. A
summary of the results of this study are shown below in Table 4-2.
H2 /
SiCl4
(sccm)
50

H2
(sccm)
500

Temperature Time
(°C)
(h)
950

4

Coating Morphology

EDS Elements

spheres
C, Si, O
coating: 50-200 nm;
coating: Si, C, O.
50
400
950
4
spheres; rods
spheres/rods: Si
50
200
950
4
coating: patchy
C, Al, Si, O
20
400
950
4
coating: 100-200 nm
Al, Si, C, O
20
200
950
4
coating: 200-300 nm
Si, O, Al, C
5
500
950
4
coating: patchy-200 nm
O, Si, C, Al
5
400
950
4
coating: patchy-100 nm
C, O, Si, Al
5
300
950
4
coating: patchy
C, O, Si, Al
5
200
950
4
coating: patchy - 500 nm
O, Si, C
coating: patchy;
coating: C, O, Si, Al;
5
100
950
4
agglomerate
agg.: Si
5
50
950
4
patchy
C,O,Si
5
0
950
4
coating: patchy; rods
C, Si, O, Cl
Table 4-2. Deposition flow rate optimization table with resulting coating morphology and
elemental composition.

XRD
Si?
yes
yes
no
no
no
yes
no
yes
yes
yes
no
no
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Tube size (9 mm – 1 in) and substrate (T300, Hi-Nic-S, Modified T300, and N440) were
varied for a few experiments with consistent flow rates (5/500 sccm), time (4 hours) and
temperature (950 °C) as summarized with results in Table 4-3.
Tube Size Substrate

Coating Morphology

EDS Elements

XRD Si?

1 in

T300

coating: patchy-200 nm

coating: O, Si, C, Al

no

9 mm

T300

coating: 300 nm; matrix-spheres

coating: Si, O, C. spheres: Si

yes

1 in

Modified
T300

coating: 500-600 nm

coating: Al, Si, C,O

yes

9 mm

Modified
T300

coating: 200-300 nm; spheres

coating: C, Si, Al, O. spheres: Si

yes

1 in

HiNicS

coating: patchy - 300 nm

coating: Si, Al, O, C

no

9 mm

HiNicS

coating: 100nm; matrix - spheres

Si/ coating: Si, O, Al, C.
spheres: Si

yes

1 in

N440

coating: stringy

coating: Al, O, Si, C

no

9 mm

N440

coating: stringy; matrix – spheres coating: Al, O, Si. spheres: Si

yes

Table 4-3. Comparison table of varying tube size and substrate with resulting coating
morphology and elemental composition.

4.4.2 SEM/ EDS
SEM identified many CVD applied silicon morphologies. Examples of each morphology
found during this study are shown in Figure 4-1 through Figure 4-15. Spheres (5-20 μm
diameter) with geometric microstructure, spheres (50-150 μm diameter) composed of
round/finger-like agglomerations (≤ 2 μm), geometric rods (~20 μm wide), nm scale randomly
distributed patches, dust-like “stringy” structures, and thin films ranging from 50- 600 nm were
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all identified using the SEM. Elemental make-up of these vast morphologies were identified
using EDS. EDS was able to detect many elemental combinations of Si, O, C, Al, and Cl. Examples
of EDS spectra are provided in Figure 4-1 through Figure 4-15 insets.

Figure 4-1. Rod morphology found on graphite foil resulting from silicon deposition using a flow
ratio of 50/400 sccm, 950 °C, and 4 hours in a 1 inch tube.
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Figure 4-2. Rod morphology found on graphite foil resulting from silicon deposition using a flow
ratio of 5/0 sccm, 950 °C, and 4 hours in a 1 inch tube.
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Figure 4-3. Sphere morphology (~10 μm) resulting from silicon deposition using a flow ratio of
5/500 sccm, 950 °C and 4 hours on T300 fiber in a 9 mm tube.
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Figure 4-4. Thin film morphology (<100 nm) resulting from silicon deposition using a flow ratio
of 5/500 sccm, 950 °C and 4 hours on modified T300 fiber in a 1 inch tube.
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Figure 4-5. Thin film morphology (>500 nm) resulting from silicon deposition using a flow ratio
of 5/500 sccm, 950 °C and 1 hour on modified T300 fiber in a 1 inch tube.
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Figure 4-6. Thin film morphology (>500 nm) resulting from silicon deposition using a flow ratio
of 5/500 sccm, 950 °C and 1 hour on modified T300 fiber in a 1 inch tube.
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Figure 4-7. “Patchy” morphology resulting from silicon deposition using a flow ratio of 50/500
sccm, 950 °C and 1 hour on T300 fiber in a 9 mm tube.
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Figure 4-8. “Stringy” morphology resulting from silicon deposition using a flow ratio of 5/500
sccm, 950 °C and 4 hours on Nextel™ 440 fiber in a 9 mm tube.
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Figure 4-9. Aggregate morphology (>150 μm) resulting from silicon deposition using a flow ratio
of 5/100 sccm, 950 °C and 4 hours on T300 fiber in a 1 inch tube.
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Figure 4-10. Higher magnification of aggregate morphology (~1 μm) resulting from silicon
deposition using a flow ratio of 5/100 sccm, 950 °C and 4 hours on T300 fiber in a 1 inch tube.
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Figure 4-11. “Stringy” and sphere morphology resulting from silicon deposition using a flow
ratio of 5/200 sccm, 950 °C and 4 hours on T300 fiber in a 1 in tube.
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Figure 4-12. “Stringy” morphology resulting from silicon deposition using a flow ratio of 5/200
sccm, 950 °C and 4 hours on T300 fiber in a 1 in tube.
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Figure 4-13. Sphere morphology (>10 μm) resulting from silicon deposition using a flow ratio of
50/400 sccm, 950 °C and 4 hours on T300 fiber in a 1 in tube.
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Figure 4-14. Sphere morphology (>20 μm) resulting from silicon deposition using a flow ratio of
50/500 sccm, 1050 °C and 1 hour on T300 fiber in a 1 in tube.
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Figure 4-15. Rod morphology (>100 μm) resulting from silicon deposition using a flow ratio of
50/400 sccm, 950 °C and 4 hours on T300 fiber in a 1 in tube.

4.4.3 XRD
The coated fibers were analyzed with XRD in order to determine the crystallographic
nature of the thin films. Diffraction patterns are summarized in Figure 4-16 through Figure
4-18. All CVD produced silicon gave reflections and crystal planes at 28.3 (111), 47.3 (220), 56.1
(311), 69.1° (400), and 76.4 (331). These values correspond to JCPDS card (00-005-0565), face
centered cubic lattice. Crystallite sizes of the resulting silicon were on average 48 nm ± 5 nm
calculated with the Halder-Wagner method. Hi-Nicalon Type S™ fiber (β-silicon carbide) was
indexed to JCPDS card (01-074-2307) with corresponding reflections and crystal planes 35.5°
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(111), 41.3° (200), 59.9° (220), and 71.7° (311). T300 fiber (carbon) gives broad reflections for
hexagonal graphitic carbon at 26.4 (002), and 44.4 (101) from JCPDS card (00-041-1487). The
Nextel™ 440 (mullite + γ-alumina) fiber was indexed to the transitional phase gamma alumina
with values of 19.5 (111), 32.7 (220), 37.3 (311), 39.3 (222), 45.4 (400), 61.7 (511), and 67.0°
(440) corresponding to JCPDS card 01-079-1557.

Figure 4-16. XRD pattern of silicon deposited via CVD onto T300 fiber.
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Figure 4-17. XRD pattern of silicon deposited via CVD onto Hi-Nic-S fiber.
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Figure 4-18. XRD pattern of silicon deposited via CVD onto Nextel™ 440 fiber.

4.4.4 Auger
Auger depth profiles of a thin film/coating (Figure 4-19) as well as a sphere (Figure 4-20)
revealed vastly different compositions. The sample was synthesized with the parameters: 5/500
sccm, 4 hours, 950 °C, and a 9 mm quartz tube. The thin film was approximately 25 nm in
thickness. This film was predominantly oxygen (~65 at%), followed by silicon (~35 at%). The first
25 Å of the sphere was 55 at% oxygen followed by 40 at% silicon, with the remainder being
carbon. After this initial layer, the sphere was mostly (90 at%) silicon. For the first 20 nm, the
remaining 10 at% was oxygen. In the last 20 nm analyzed, the remaining 10 at% was carbon.
The sharp interface is indicative of little to no silicon migration into the fiber or carbon
migration into the silicon.
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Figure 4-19. SAM depth profile of 25 nm silicon CVD coating on T300 fiber.
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Figure 4-20. SAM depth profile of >50 μm silicon CVD sphere on T300 fiber.

4.4.5 FIB/EDS
Cross sectional analysis was performed through a 50 μm diameter silicon sphere
deposited (50/500 sccm, 950 °C, 1 hour) on Hi-Nic-S silicon carbide ceramic fiber in a 9 mm
quartz tube. Cross section was approximately 50 μm W x 40 μm H x 10 μm D. Platinum was
deposited on the surface of the sphere for beam protection. The interface between the sphere
and the fiber was visible at a 20 μm depth. EDS analysis was done using a linescan stretching 19
μm across the interface, highlighting Si, C, and O content. Figure 4-21 a & b.
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a.

B

A

A

B

b.
Figure 4-21. FIB cross section through a CVD applied Si sphere and Hi-Nic-S fiber (a) and EDS line
scan analysis over 20 μm, spanning from point A to point B.
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4.5 Discussion
Silicon depositions follow traditional deposition processes, represented as: mass
transport of gas (SiCl4) into deposition zone, gaseous reactions (thermal decomposition,
dehydration, synthesis…), mass transport of gas into the substrate surface, adsorption of
reactant gas onto substrate surface, diffusion of gas to the growth site, deposition of silicon,
desorption of byproducts from the substrate surface (HCl), and mass transport of byproducts
through the boundary layer33, 160-161 . The Table 4-4 summarizes silicon deposition modeled
from silicon tetrachloride by Narusawa162. An excess of hydrogen gas is vital in the control of
net deposition versus etching with the byproduct acid. The Cl/H input ratio needs to be kept to
a minimum in order to maximize deposition rate of silicon vs etching rate162-163 .
Reaction
SiCl4 (g) + H2 (g) ↔ SiHCl3 (g) + HCl (g)
SiHCl3 (g) ↔ SiCl2 (g) + HCl (g)
SiCl2 (g) + H2 (g) → Si (s) + 2 HCl (g)
𝑛

Si (s) + n HCl (g) → SiCln (g) + 2 H2 (g)

Process
(1) Gas-phase reaction
(2) Gas phase reaction / adsorption
(3) Deposition
(4) Etching

SiCl4 (g) + 2 H2 (g) → Si (s) + 4 HCl (g)
(5) Total Reaction
Table 4-4. Summary of silicon tetrachloride chemical vapor deposition reactions (1-5) occurring
in this system.
Optimization temperature of 950 °C was chosen as the deposition temperature because
this was the highest temperature that a thin film was seen. Using higher deposition
temperatures generally leads to faster deposition rates due to more energy in the system to
facilitate the thermodynamically stabilized deposition reactions (thermal decomposition of
precursors to reactive species)33, 160-161. From a kinetic standpoint, the rate limiting (slow) step
in higher temperature silicon CVD reactions (>1000 °C) tends to be mass transport or diffusion
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through the boundary layer. The major problems with mass transport limited CVD are
undesirable morphologies and small deposition zones resulting from rapid deposition in a
concentrated area of the substrate. The boundary layer in a CVD system can be modeled
according to fluid dynamics. CVD reactions on the lab scale tend to be laminar. Laminar flow, or
layered flow is prominent over turbulent flow because of the density, viscosity, and velocity of
the gases present. A Reynolds number (Re) is a unitless representation of the flow dynamics in
the reaction and can be represented as density (ρ) multiplied by velocity (υ), divided by
viscosity (μ) of the gas [Re = ρu/ μ]. A Reynolds number above 2000 causes turbulent flow (>2
million sccm required!) while below 2000 gives laminar flow. Again, laminar flow is ideal for
CVD reactions to create thin films via providing more uniform depositions32. The Re of this
system calculated with hydrogen at 1000 °C and 500 sccm is 1.8. Boundary layer thickness is
inversely proportional to Re and therefor relatively thick and mass transport must be
considered in this system. At lower temperatures (<1000 °C), surface reaction limitations are
prominent because the boundary layer is penetrated faster than the reaction can take place on
the surface 161-162. An Arrhenius plot for silicon CVD precursors has been studied and is shown
below as Figure 4-2232. This plot illustrated temperature effects on deposition rate with zones
representing mass transport and surface reaction rate limited deposition mechanisms.
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Figure 4-22. Arrhenius plot for silicon deposition using various precursors. Source: Handbook of
CVD by Pierson.

The optimized temperature is close to the transition point between the two limiting
steps and therefore the fastest deposition rate possible without seeing undesirable
morphologies often seen with mass transport limited reactions. Flow rate variation yielded a
wide range of results. In the beginning of the study the aim was to replicate the results of
literature156-157. The 50/500 sccm flow ratio of precursor to hydrogen proved to yield
undesirable sphere morphology, not suitable for thin film technology. Flow rates of both the
hydrogen through silicon tetrachloride and diluting hydrogen were then varied systematically.
Upon varying the ratio, thin films were seen with the lowest silicon tetrachloride precursor
flows examined. This indicates that the concentration of precursor needs to be kept low in
order to limit gas phase precipitation and allow for further diffusion on the substrate surface. In
addition, smoother coatings were present with greater excess hydrogen, likely due to less
hydrochloric acid etching of the silicon surface after deposition from byproducts 163. With these
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observations, 5/500 sccm was chosen to be the optimal ratio allowed by available equipment.
The final parameters varied in this optimization were reaction tube diameter and substrate.
Decreased tube diameter and therefore increased concentration of precursor in the reactor,
gave predictable results of sphere deposition. A change in substrate was prompted by the
discovery of oxygen in the thin films produced through this reaction. Ceramic fibers have been
shown to contain oxygen on the surface (0-50 nm)164-165. Modification of the surface of carbon
T300 fiber via low pressure CVD deposition of pyrolytic carbon did not change the thin film
content of oxygen. With each alternate substrate used, similar results were seen (silicon
spheres, oxygen/silicon thin film). Any oxygen content in a ceramic fiber will diffuse into the
deposited silicon creating silica166. XRD indication of crystalline silicon corresponded to runs
with and without sphere formation, which leads us to believe that some of the thin films indeed
contain pure crystalline silicon as well as silica. Silicon was also detected on each exposed
substrate using this technique showing no specific deposition preference based on substrate.
Precision and reproducibility of the crystallite size of CVD grown silicon indicates ~50 nm to be
the preferential crystallite size of Si deposited from silicon tetrachloride in these conditions.
Morphology analysis revealed many different structures deposited with silicon
tetrachloride and hydrogen, some of which have been previously described. While few trends
were seen between deposition parameters and specific morphologies, there were limited
patterns seen. Geometric spheres deposited around fibers were seen when flow rates of silicon
tetrachloride were greater than 10% of the total flow. Spheres were also seen when the reactor
tube diameter was decreased from 1 inch to 9 mm. This increases the concentration of silicon
tetrachloride in the deposition tube by decreasing volume from roughly 0.321 L to 0.0403 L.
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Again, over this 5/500 ratio in a 1 inch tube concentration (5 sccm hydrogen through silicon
tetrachloride ~ 2.1 *10-4 moles Si per min / 0.321 L tube = 6.4 * 10-4 M per minute ) results in
rapid deposition of silicon onto seeds creating spheres and rods. EDS indicated that the large
spheres and rods to contain only silicon. Thin films gave peaks for predominantly silicon and
oxygen, with occasional aluminum and magnesium thought to be from the SEM environment.
Chlorine was only seen in the end of the reactors in a “yellow powder”, likely a product of
incomplete decomposition of the silicon tetrachloride.
FIB cross sectional analysis coupled with EDS revealed significant oxygen content from
the interface into a silicon sphere for approximately 1.5 μm. Oxygen diffusion through silicon
increases with increasing temperature, and is reported to be as high as 10 -10 cm2/s over 900
°C166. This suggests that the oxygen present in the Hi-Nic-S fiber (0.2 wt %167) diffuses into the
coating up to 2 μm, where the substrate oxygen is then depleted. At this point, crystalline
silicon continues to form sphere morphology. It is unclear at this time why the silicon nucleates
at specific locations when spheres are present, but it is likely due to initial surface conditions 168169

such as nodes. Since the thin films did not exceed 600 nm, this explains why they were silica.

If the films were grown further, it is likely that after substrate oxygen depletion (>1.5 μm) they
would deposit and remain crystalline silicon.
Auger revealed the thin film to have a rough atomic ratio of 2:1 O:Si, again indicative of
silicon dioxide. Below the carbon fiber surface, oxygen and silicon were still present showing
potential migration of both species. The sphere had a surface (25 Å) native oxide layer of
silica170, followed by >90 at% silicon. To this depth, the sphere deposits as pure silicon while the
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thin film either deposits as silica or converts from deposited silicon to silica through oxygen
diffusion as discussed previously.

4.6 Conclusions
Silicon CVD of thin films was attempted through the use of silicon tetrachloride
precursor and an atmospheric pressure CVD reactor. Deposition results were sporadic and
relatively unpredictable. The dominant morphology deposited in this study was polycrystalline
silicon spheres. The only thin films obtained were concluded to be silica, likely through the
diffusion of oxygen from the substrate into the deposited silicon as it was being formed. Lack of
any oxygen presence is necessary for the successful deposition of silicon thin films onto ceramic
fibers.
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Chapter 5 . Focused Ion Beam / Transmission Electron Microscopy
Analysis of Mesoporous Catalysts171.

5.1 Introduction
UCT (University of Connecticut) mesoporous transition metal oxide materials are
synthesized using an inverse micelle soft template and unique NOx chemistry 172. The resulting
aggregated nanoparticles exhibit tunable pore structures, excellent thermal stability, and easily
accessible oxidation states which contribute to a wide range of organic catalytic
transformations173-177. In addition to organic catalysis, there is interest in using the various
mesoporous metal oxides in other fields such as energy178-179 and advanced separations180-181.
Traditionally, catalyst morphology is examined using SEM and TEM techniques. A dilute solution
dropped onto a carbon film copper grid for sample preparation for TEM is adequate to analyze
the electron transparent particles along the edges of the aggregate. However, upon submitting
research papers to journals claiming even distribution of dopants, core/shell structures and
multiphase crystal systems, some reviewers pushed back. Justifiably, they believed that simply
looking at the outer 100 nm of an aggregate does not adequately represent the entire 1-2 μm
particle.
Dual-beam focused ion beams (FIBs) are microscopes that utilize both focused electrons
(SEM) and ions (FIB) to create images of specimens 182. The characteristic unique to the ion
beam is its ability to sputter. The gallium ions used in many FIB systems creates a billiard ball
effect where a collision takes place at the surface of the sample, transferring momentum from
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the ion to the sample, resulting in a net sputtering. Gallium ion beams typically have a sputter
rate around 5 μm3/s, but this value can vary depending on sample mass, incident ion energy,
density and surface binding energy of the sample183-184. FIBs can be used for micromachining,
nanostructure fabrication, 2D / 3D cross section analysis, and TEM sample preparation 184-188.
In this work, TEM sample lamella preparation of a variety of doped UCT materials was
performed using an FEI Helios Nanolab 460F1 FIB. This was done without the use of bulk matrix
immobilization. Typically, small (~μm) sized particles are cast in resin, cast in metal or dropped
onto a silicon wafer that will be cut into for stabilization189-192. By modifying the lift out
technique to incorporate in situ immobilization, time and money can be saved with each TEM
lamella preparation. With this modification were able to determine if the centers of these
aggregates reflect the morphology and pore structure confirmed along the edges. TEM-EDS (FEI
Talos S/TEM) of these cross sectioned particles was also utilized to verify even distribution of
detectable dopant amounts in the center of the aggregate. Three representative mesoporous
catalysts: cesium doped manganese oxide, nickel doped manganese oxide, and vanadium
doped manganese oxide, will be discussed.

5.2 Experimental
5.2.1 Materials.
All mesoporous materials were supplied by members of the Suib research group at
Uconn. Synthesis of the mesoporous materials followed the general UCT material procedure
with slight modifications for dopant incorporation172-173, 193. Aluminum stubs, TEM copper grids,
and carbon tape were purchased from Ted Pella Inc.

86

5.2.2 Deviations from standard lift out procedure.
Catalyst powder was pressed into carbon tape mounted on an aluminum stub. Caution was
then taken to stamp the excess catalyst onto weight paper until no residual powder was seen.
Once in the FIB, platinum was deposited spanning multiple aggregates for protection and to
bind them together. Location of aggregates is the most important attribute to this process. The
sample needs to be densely packed, level, and <10 μm deep.

Platinum
UCT 18

Carbon Tape

Figure 5-1. Carbon tape stabilized FIB prepared lamella of UCT-18 (cesium doped mesoporous
manganese oxide).
The depth is particularly important when the carbon tape is used to frame/stabilize the
lift-out as shown in Figure 5-1. After lamella lift-out using the nanomanipulator, a platinum
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frame was often fabricated in order to keep all of the powder together during the mounting
and thinning process (Figure 5-2).

UCT 18

Platinum Frame

Figure 5-2. Platinum frame stabilized FIB prepared lamella of UCT-18 (cesium doped
mesoporous manganese oxide).

5.3 Characterization
Cross sectional analysis was performed using a FEI Helios Nanolab 460F1 Focused Ion
Beam (FIB) equipped with a Ga ion column and Multi-Chem Pt protective cap deposition. The
FIB was operated at 30 kV and 7.7 pA – 2.4 nA. High-resolution transmission electron
microscopy (HR-TEM) and scanning transmission electron microscopy (STEM) measurements

88

were carried out using a Talos F200X microscope operating at 200 kV equipped with an energy
dispersive X-ray spectroscopy (EDX) detector and selected area electron diffraction (SAED)
capability.

5.4 Results
5.4.1 FIB prepared lamella.
Each catalyst was thinned to electron transparency (30 – 100 nm). The cesium doped
manganese oxide was approximately 20 μm long and 6 μm high. Approximately 50 aggregates
(500 nm – 1 μm diameter) were cross sectioned as shown in Figure 5-3.

Figure 5-3. FIB prepared lamella of UCT 18 (cesium doped manganese oxide) thinned to
electron transparency.
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The nickel doped manganese oxide was 17 μm long and 5 μm high. Approximately 30
aggregates (0.5 – 2 μm diameter) were cross sectioned shown in Figure 5-4.

Figure 5-4. FIB prepared lamella of nickel doped manganese oxide thinned to electron
transparency.
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The vanadium doped manganese oxide was 18 μm long and 10 μm high. Approximately 30
aggregates (500 nm – 2 μm diameter) were cross sectioned as shown in Figure 5-5.

Figure 5-5. FIB prepared lamella of vanadium doped manganese oxide thinned to electron
transparency.

91

5.4.2 TEM Analysis.
Cesium doped mesoporous manganese oxide revealed 5-10 nm spherical particles
throughout individual aggregates. There was no significant change in morphology throughout
the cross sections. Mesopores (5-10 nm) were visible in the thinnest parts (<30 nm) of the cross
section. Lattice parameters of 0.27 nm and 0.49 nm were averaged from high resolution
images. Figure 5-6.

92

Figure 5-6. HRTEM of UCT-18 (cesium doped manganese oxide). Top: 0.49 nm d-spacing (222)
and mesopore (~8 nm). Bottom: 0.27 nm d-spacing (200).
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The nickel doped manganese oxide revealed a core/shell structure. The shell was about
100 – 200 nm thick, encapsulating a center aggregate (400 nm) of spheres (10-50 nm). The shell
appeared to have an insect wing-like structure. Lattice parameters in the shell were measured
to be 0.21 nm and 0.24 nm. The core measurement was 0.21 nm. Selected area electron
diffraction (SAED) bands were measured to be 4.10 (0.24), 4.72 (0.21), and 7.14 (0.14) 1/nm
(nm) in the shell and 4.28 (0.23), 4.93 (0.20), and 7.00 (0.15) 1/nm (nm) in the core. Figure 5-7.

Figure 5-7. HRTEM of nickel doped manganese oxide. LEFT top: CORE 0.21 nm d-spacing (300).
Bottom: SAED d-spacing of 0.23 nm (131), 0.20 nm (222), and 0.15 nm (160). RIGHT top: Shell
0.21 nm d-spacing (200) and 0.24 nm (111). Bottom: SAED d-spacing of 0.24 nm (111), 0.21 nm
(200) and 0.14 nm (220).
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In the vanadium doped manganese oxide system the lattice parameters indicated a
core/shell structure of sorts. The outer shell was an insect wing/flakey morphology
approximately 200 nm thick and gave lattice d-spacing of 0.31 nm. The core consisted of an
agglomerate (400-800 nm) of 10-30 nm spheres with d-spacing of 0.25 nm. Electron diffraction
resulted in rings at 1.96 (0.51), 2.37 (0.42), 3.19 (0.31), and 3.88 (0.25) 1/nm (nm). Figure 5-8.
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Figure 5-8. HRTEM of vanadium doped manganese oxide. Top: Core 0.25 nm d-spacing (131).
Middle: SAED d-spacing of 0.51 nm (200), 0.42 nm (120), 0.31 nm (310), and 0.25 nm (131).
Bottom: Shell 0.31 nm d-spacing (310).
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5.4.3 EDS Analysis.
The cesium doped system revealed uniform distribution of cesium throughout Mn and O
in the elemental maps (Figure 5-9). The quantitative cesium values in the center and the first 10
nm of the aggregate were around 1 at.%.

Figure 5-9. EDS produced HAADF and elemental maps (manganese, oxygen, and cesium) of UCT
18 (cesium doped manganese oxide).
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Nickel was observed to be dispersed throughout the core and shell of the nickel doped
manganese oxide system. There was also even distribution in the elemental map of oxygen.
Manganese was only observed in the shell of the structure. Quantitative analysis of the present
elements indicated the shell to be 19 at.% nickel and 17 at% oxygen with the remainder being
copper, platinum, and gallium. The core had a vastly different make up of 38 at.% manganese,
49 % oxygen, and 6 at.% nickel with the remainder being copper, platinum, and gallium. Figure
5-10.

Figure 5-10. EDS produced elemental map overlay of HAADF, nickel, manganese and platinum.
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Elemental quantitation of the core/shell structure indicated approximately 48 at.%
oxygen, 20 at.% manganese and 27 at.% vanadium throughout. Mapping also confirmed this
even distribution of elements as shown in Figure 5-11.

Figure 5-11. Top: TEM image depicting core/shell structure of vanadium doped manganese
oxide. Bottom: EDS elemental maps of manganese, vanadium, and oxygen.
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5.5 Discussion
The morphology in the center of the cesium doped manganese oxide aggregate was
identical to the morphology on the surface, which consisted of 5- 10 nm spheres. Lattice
parameters of 0.27 nm and 0.49 nm corresponded to (222) and (200) planes of bixbyite Mn2O3
respectively. Elemental analysis using EDS indicated an even distribution of cesium throughout
the manganese oxide. These results were consistent with the claims made in the literature and
the catalytic activity of this system173. The cesium acts as a promotor ion, increasing the basicity
of the material. This increase in basicity causes the lattice oxygen to become more labile and
available to deprotonate the alcohol in the oxidation reaction. If cesium were only on the outer
surface of the aggregate then the catalyst conversion would have potential to further increase
from 95% with improved formulation. Since the cesium was confirmed with this method to be
evenly distributed throughout the aggregate, the impressive 95% conversion is likely the
maximum at this dopant concentration.
The nickel doped manganese oxide system had interesting core/shell morphology. The
core was analyzed to be a gamma manganese oxide doped with about 6% nickel 193-194. Core
SAED and lattice spacing’s were indexed to manganese oxide as follows: 0.21 nm (300), 0.23 nm
(131), 0.20 nm (222) and 0.15 nm (160)193. The shell was indexed to a cubic nickel oxide based
on the SAED and lattice spacing’s of 0.24 nm (111), 0.21 nm (200), and 0.14 nm (220)193. This
nickel oxide was also confirmed in the bulk XRD193. Specifically with the EDS and SAED,
conclusions of the shell being nickel oxide and the core being a nickel doped manganese oxide
was clear. This structure has proven to catalytically increase oxygen evolution and oxygen
reduction reactions on par with the state of the art platinum catalysts193, 195. This opens up a
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large field of study to develop other transition metal oxide core/shell catalytic structures that
may increase their respective catalytic activities through synergistic effects. This procedure
successfully satisfied reviewers who questioned the existence of a core/shell structure.
Due to the nano-crystalline nature of the mesoporous materials, bulk powder XRD
typically does not show sharp easily identifiable reflections for their crystal phases. This is due
to the many boundaries between the randomly oriented nano-crystallites. As the X-ray hits the
nanoparticles and is diffracted, the interaction volume is very small and a broad, less intense
peak results from the small sample volume. SAED and high resolution lattice imaging are able to
probe the nanostructures individually and resolve crystal phases as was seen in the vanadium
doped manganese oxide materials. The core d-spacing matched with the alpha phase of
manganese oxide as 0.42 nm (120), and 0.25 nm (131)196. The wing-like shell morphology was
more consistent with the gamma phase 0.51 nm (200) and 0.31 nm (310)197. Both of these
phases were resolved from the SAED. The doping amount of 27 at.% vanadium was higher than
expected by the group member who synthesized the material. Further formulation will take
place by said group member to lower the doping amount. These results will be compared to
future results of catalytic activity and phase morphology throughout the aggregate.

5.6 Conclusions
This FIB TEM sample preparation method allows for a relatively easy cross sectional
analysis of mesoporous powder materials without the need for matrix immobilization and large
amounts of sample. In metal doped transition metal oxides, claims of even distribution of
elements can be verified with this method as was seen in the cesium system. The nickel doped
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system was verified to have core/shell morphology that was previously questioned by journal
reviewers. Lastly, the vanadium doped system exemplifies the need for cross sectional analysis
based on crystal structure variation throughout an aggregate of the same material. When
future claims are made about dopant distributions and nanoscale core/shell structures, this
method can be employed to verify them.
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Chapter 6 . Future Work
Future work can further improve these coatings and advance the field of thin films
research. Electroless aluminum plating has the potential to uniformly coat complicated
geometries of various substrates that cannot be electroplated. A broad substrate scope can be
performed to exemplify this potential. I am also curious to see if etching the nanowire surface
to remove the oxide layer before plating would allow for autocatalytic plating without
palladium activation. This would drive down the cost of the synthesis and potentially reduce the
agglomerate formation. Advanced thin film characterization techniques such as scanning Auger
spectroscopy and FIB could be applied to these materials in order to correlate coating thickness
to plating time.
The addition of an oxide interphase to the field of oxide/oxide CMCs opens up a large
new area of research. Other metal oxide materials with similar thermal properties can be
applied as interphases to their respective matrix systems and tested for the advanced
toughening mechanisms that were shown with the ZnO. There could then be a study where an
interphase is added and porosity of the matrix is systematically reduced. This will allow us to
optimize porosity in terms of strength of the CMC without sacrificing toughening mechanisms.
If the monolithic character can be removed from these existing CMCs, than their applications
can be pushed to extreme environments with more mechanical stress.
Silicon CVD from the SiCl4 precursor needs further optimization. Particular optimization
needs to be performed on the desired substrates. The ceramic fibers used need to first be void
of any oxygen contamination, possibly through high temperature pre-treatments198. Once the
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oxygen migration issue is resolved, resulting thin film silicon could be tested for optical and
electrical properties (refractive index, band gap, conversion efficiency…). It is likely that the
temperature, flow rate, and time dependent studies would need to be repeated once a useful
substrate is found. The use of a low pressure (<1 Torr) system could also catalyze the formation
of uniform thin films from SiCl4 because low pressures will cause the mass transport factor to
be reduced significantly.
Lastly, FIB cross sectional analysis of mesoporous powders can be implemented as a
fundamental characterization step of novel materials. An Application Note was requested by
FEI/ThermoFisher for this method, where they will begin teaching their customers this method
for nano-powders. Slice and view FIB capabilities coupled with post image analysis software
could provide a sub-micro scale 3D reconstruction of pore structure variations. While time,
cost, and destructive nature of this technique need to be considered when it is proposed for a
particular sample, the data captured could mimic nano-XCT capabilities.
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